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We have measured the microwave dissipation at 10 GHz through the imaginary part of the
susceptibility, χ”, in a BSCCO 2212 single crystal in an external static magnetic field H parallel to
the c-axis at various fixed temperatures. The characteristics of χ”(H) exhibit a sharp step at a field
Hstep which strongly depends on the amplitude of the microwave excitation hac. The characteristics
of hac vs. Hstep, qualitatively reveal the behavior expected for the magnetic field dependence of
Josephson coupling.
Vortex physics on high critical temperature supercon-
ductors (HTSC) has driven a lot of interest over the
past few years1. Because of the short coherence length
which characterizes these systems, some HTSC such as
BSCCO 2212, have to be described as stacks of in-
trinsically Josephson coupled superconducting planes2,
rather than as superconductors with a high effective mass
anisotropy. In an externally applied magnetic field, DC
transport measurements3 and thermodynamic4 studies
have shown that melting of vortices is a first order pro-
cess. In Josephson coupled HTSC’s , it is still not clear
if melting goes along with a total decoupling of the su-
perconducting planes, or if instead decoupling is only
achieved beyond the melting transition. Experimental
studies of the Josephson plasma resonance (JPR) have
been performed to investigate the temperature and mag-
netic field dependence of Josephson coupling5–8. The
results point to a drop of Josephson coupling at the vor-
tex melting7,8. Other JPR experiments on BSCCO 2212
have shown the possible occurrence of nonlinear effects
driven by a microwave field9.
We have recently presented a detailed study of melting
of vortices in a BSCCO 2212 single crystal via microwave
dissipation measurements10 at 10 GHz. While a careful
study of vortex melting requires current densities as small
as possible, and hence low microwave excitations, in this
paper we focus on what happens when the amplitude of
the microwave field hac is progressively increased. We
observe a novel feature which shows up as a sharp step
in the characteristics of dissipation vs. magnetic field
at fixed temperature. In contrast with vortex melting,
whose field position, Hm, only depends on the tempera-
ture, the field value at which the step occurs, Hstep, dras-
tically depends on hac, which we argue is closely related
to the Josephson interlayer phase coherence < cosφ >.
The experimental set-up that we use to measure
the 10 GHz microwave dissipation has been described
elsewhere11. The sample is placed in a TE102 resonant
cavity (resonance frequency ω/2pi = 9.6 GHz) of an Elec-
tron Spin Resonance (ESR) ESP 300 E Bru¨ker spectrom-
eter, at the maximum of the microwave magnetic field
hac(ω) = hac cosωt and in zero electric field. The exter-
nal static magnetic fieldH is applied parallel to the c-axis
of the crystal, while hac(ω) is oriented within the ab-
plane. The microwave field hac(ω) induces surface cur-
rents in the sample, which in this geometry flow within
the ab-plane and along the c-axis. The surface currents
are responsible for an energy dissipation which is mea-
sured through the imaginary part of the susceptibility
χ”. With a small hac, in the range of a few mOe, melt-
ing of the vortex solid in BSCCO 2212 shows up as an
increase of dissipation in the characteristics of χ” vs. H
recorded at a fixed temperature10.
The BSCCO 2212 single crystal used in the experi-
ments is a rectangular platelet with dimensions 2× 0.8×
0.03 mm3. For this sample, the critical temperature
Tc = 84 K with a transition width ∆Tc ≈ 0.4 K, as
measured at 10 GHz. An attenuator placed between
the source and the cavity enables a step-by-step varia-
tion of the microwave power in the cavity, with an at-
tenuation of 1dB between each step. An attenuation
of 1 dB corresponds to a reduction of hac by a factor
1.12. Fig. 1 shows a typical χ” vs. H characteristic
obtained at T = 65K with an input power of 0.8 mW,
corresponding to hac ≈ 60 mOe. Here melting occurs
around Hm = 315 Oe and shows up as a small jump and
a change of slope in χ”(H). There is no influence of the
input power on the value of Hm measured at 10 GHz
with our technique. Good agreement is found between
the Hm(T ) phase diagram measured at 10 GHz and that
obtained from DC SQUID measurements on the same
sample10. The small jump in χ” at Hm is analogous
to the sharp onset of resistivity observed in DC trans-
port measurements3. A salient new feature in Fig.1, is
the sharp step which corresponds to a sudden increase of
dissipation at a field Hstep ≈ 200 Oe. The curves shown
in the inset of Fig. 1 were obtained at a temperature of
65K, with hac ≈ 47mOe, when sweeping the magnetic
field up and down successively. A hysteretic behavior of
the step is observed. The amplitude of the hysteresis loop
at 65 K is of the order of 10 Oe.
Fig. 2 shows a series of characteristics of χ” vs. H
recorded at 65 K, where the input power has system-
atically been attenuated by 2 dB between subsequent
recordings in order to vary hac. In contrast with Hm,
the field Hstep strongly depends on the input power. At
20 dB, which corresponds to hac ≈ 95mOe, the step oc-
curs in the solid phase, Hstep well below Hm ≈ 315 Oe,
and shifts to higher fields as the attenuation is increased,
i.e. as hac is reduced. The step survives in the liquid
phase beyond Hm, where it presents significant broaden-
ing. Similar observations of a step with 10 GHz dissi-
pative measurements were done on other BSCCO 2212
samples, showing the intrinsic origin of the feature. On a
1
sample with a somewhat broader superconducting tran-
sition, the step was broader and reduced in amplitude
compared to the results presented in Fig. 1 and Fig.
2. The observation of the step seems to require samples
with very homogeneous superconducting properties. At
high enough input power, the characteristics of χ” vs.
H exhibit an offset, indicating that the extra dissipation
produced by the step has already occurred at H = 0.
Other measurements of high purity BSCCO 2212 single
crystals placed in a 10 GHz niobium resonator12 in zero
field showed switching of the surface resistance, probably
of the same origin as the step in χ”(H) reported here.
In our geometry, hac(ω) tend to tilt slightly the field
on the sample away from the c-axis of the crystal. In
tilted magnetic fields, vortices in samples with a large
anisotropy such as BSCCO 2212 adopt a tilted struc-
ture made of vortex pancakes linked by Josephson vor-
tex segments13,14, or may even form a two components
structure with coexistent Abrikosov and Josephson vor-
tex systems, orthogonal to each other15,16. While the
density of pancake vortices depends on the static field
component H , the density of Josephson strings, regard-
less of the details of the vortex structure, is driven by the
field component parallel to the superconducting CuO2
planes, here hac(ω). The step amplitude in χ
”(H) is pro-
portional to the microwave input power and independent
of the static field component. This points to a dissipa-
tion process related to Josephson strings induced by the
microwave field and not to pancake vortices.
We have thoroughly investigated the temperature and
power dependence of the step between 75 K and 30 K,
changing the temperature by steps of 5K between each se-
ries of recordings, and the attenuation of the microwave
excitation by steps of 1dB. Fig. 3 shows two series of
plots of hac vs. Hstep, which cover the entire temperature
range of our studies. The arrows in these plots indicate
the melting transition at Hm, whenever observed. Fig. 3
shows that hac is a decreasing function of the static field .
Down to about 45 K, the characteristics of hac vs. Hstep
exhibit a fairly distinct drop which in each case coincides
with the melting transition. The dependence of hac vs.
magnetic field is qualitatively the same as that expected
for the interlayer Josephson coupling. The additional
phase difference φ due to the presence of pancake vortices
in a perpendicular static magnetic field H produces a loss
of interlayer phase coherence < cosφ >, and so reduces
the average Josephson coupling energy (or equivalently,
the average Josephson current) when H increases17. Ex-
tra decoupling of the layers seems to occur at melting,
producing a sudden drop of < cosφ >. Experimental
observation of this drop has been reported in the or-
ganic superconductors κ- (BEDT-TTF)2Cu[N(CN)2]Br
and, recently, in BSCCO 2212 in measurements of the
magnetic field dependence of the JPR frequency7,8ωpl.
Note that at T = 40K and below, melting could not be
resolved in our measurements, neither in the character-
istics of χ” vs. H , nor via magnetization measurements
with a SQUID magnetometer. Below 40 K, the drop in
the characteristics of hac vs. Hstep does not seem to be
present as well in Fig. 3, in contrast with recent JPR
data in which a drop in ω2pl vs. H was still observed
below the critical point8.
Fig. 3 shows that in the liquid phase hac can be fitted
with a 1/Hα dependence. Down to 50 K, the fits give
α ≈ 0.8. Approaching 40 K, and below, α progressively
increases and is of order 1.2 around 30 K. Koshelev17
has predicted that in the particular case of a vortex liq-
uid, < cosφ > should exhibit a 1/Hα dependence, with
α close to unity, and be proportional to the square of
the JPR frequency ω2pl ; these predictions have been con-
firmed in JPR studies6–8. An increase of α is expected
for < cosφ > as a consequence of disorder in the pancake
arrangement along the c-axis18, due for instance to an in-
crease of pinning at low temperature. Fig. 3 shows that
the relation between hac and H found in BSCCO is very
close to that expected for < cosφ > in the liquid phase.
It suggests that hac provides a direct measure of the in-
terlayer phase coherence, being close to proportional to
< cosφ >, in a similar way as ω2pl. This is supported
by the close similarity existing between the normalized
characteristics of hac versus Hstep, shown in Fig. 3c, and
the JPR data presented in ref.8 . Within this scenario,
the fact that hac still has a substantial non zero value
right beyond Hm in Fig. 3 indicates that phase coher-
ence is not completely lost when the vortices enter the
liquid phase. It is only at higher fields that vanishingly
small hac’s probe almost totally decoupled layers. In the
characteristics of χ” vs. H shown in Fig. 2, the step pro-
gressively broadens in the liquid phase, suggesting that
the phase difference between the superconducting lay-
ers becomes less and less homogeneous over the sample
thickness as the static field is increased beyond Hm.
The step observed in Fig. 1 and Fig. 2 indicates that a
new dissipation process sets in at once when H reaches a
threshold value Hstep(hac). When a large area Josephson
junction is subject to a small in-plane magnetic field h,
penetration of Josephson strings is prevented if the super-
current density circulating at the junction periphery, over
a thickness given by the London penetration depth λJ , is
smaller than the Josephson critical current density19 jc.
This defines the lower Josephson critical field hc1J ∝ jcλJ
below which h is screened. Similarly, a stacked structure
of Josephson junctions such as a BSCCO single crystal
should expel in-plane microwave fields of amplitude hac
smaller than hc1J over a length scale λJ (generally called
λc ). An additional static field component H perpendic-
ular to the Josephson stacks produces pancake vortices
in the superconducting planes, which result in an extra
loss of interlayer phase coherence and hence in a decrease
of hc1J(H). In each characteristic of χ
” vs. H shown in
Fig.1 and Fig.2, hac is kept at a constant value during the
sweeps of H . Sweeping up the static field H , results in a
decay of hc1J(H). When H is such that hc1J(H) > hac,
no microwave induced Josephson strings penetrate the
sample. A further increase of H leads to the reversed
situation, hc1J(H) < hac ; Josephson strings enter and
leave then the sample at the microwave frequency, giv-
ing rise to an extra contribution to the dissipation. This
process is expected to occur at a threshold field such that
hc1J(H) = hac, producing a step in the characteristics of
χ” vs. H like that observed experimentally atH = Hstep.
Hence, a possible explanation for the step could be that it
is associated with the lower Josephson critical field hc1J
2
in BSCCO below which penetration of Josephson strings
is prevented at 10 GHz.
An important consequence of this scenario is that
the diagram of hac vs. Hstep should permit to explore
how Josephson coupling evolves in a static perpendic-
ular field H , provided that the relation between hac
and < cosφ > is known. As a first guess, we take
jc ∝ hac/λJ , which is justified at the step, since we
suppose hc1J(Hstep) = hac in each characteristic of χ
”
vs. H . Like in ordinary Josephson junctions, we also
assume19 that λJ ∝ jc
−
1
2 ∝< cosφ >−
1
2 . Combined with
the 1/H dependence of < cosφ > in the decoupled liquid
phase predicted by Koshelev17, one should then expect
a 1/H1/2 dependence for hac.The experimental data in
Fig. 3 show instead a 1/Hα behavior with α close to 1.
On the other hand, the losses in the liquid phase should
be proportional to the surface resistance∝ ρfl/λJ , where
ρfl is the flux flow resistivity which varies linearly
20with
H . If λJ ∝ H
1
2 , the losses in the liquid phase should
then exhibit a H1/2 dependence20 ; instead, the results
presented in ref.10 show a behavior closer to linear in H .
These discrepancies point to some difficulty essentially
related to the field dependence of λJ . The main reason
might be the lack of knowledge about either the effective
thickness λeffJ of the layer through which the microwave
surface currents flow, or of its magnetic field dependence.
The microwave loss data from ref.10 suggest that λeffJ
weakly depends20 on H , which would then be consistent
with the experimentally observed 1/H variation of hac.
More realistic models, taking into account the influence
of effects such as surface defects on λeffJ might be able
to reconcile the experimental observations with theory.
Recent JPR experiments of Hanaguri et al.on BSCCO
2212 have shown nonlinear effects induced by microwave
power9. The nonlinearities of the JPR were qualita-
tively explained with the perturbed sine-Gordon equa-
tion for the Josephson phase. It predicts a lowering of the
resonance frequency and the appearance of a hysteretic
bistable regime at high microwave current, consistent
with the experimental JPR data9,21. Fig.3 shows that, at
a fixed value of the static magnetic field, the step occurs
at lower temperature when hac, and the associated mi-
crowave current, is increased. This behavior is similar to
that observed in ref.9 for the nonlinear JPR. Hence, an-
other possible interpretation for the step is that it might
correspond to the switching between two stable solutions
of the perturbed sine-Gordon equation. A theoretical es-
timate of the range of existence of each solution of the
sine-Gordon equation predicts21 hac ∝< cosφ >
1/2. This
is the same analytical dependence as that predicted in the
scenario involving the lower critical field hc1J. It should
result in a 1/H1/2 dependence of hac in the liquid phase,
whereas the experimental data exhibit a behavior closer
to 1/H . A proper comparison of our data with the non-
linear JPR data9 and theory requires precise knowledge
of the longitudinal currents which flow through the su-
perconducting layers in both experiments. These data
are not available at this stage.
In summary, the characteristics of hac vs. Hstep,
recorded at various fixed temperatures, qualitatively re-
veal the behavior expected for the magnetic field depen-
dence of Josephson coupling ; the characteristics exhibit
a drop at Hm, which points to substantial decoupling at
the melting transition. We propose that the step is ei-
ther related to the lower Josephson critical field hc1J in
BSCCO, or to nonlinear Josephson plasma resonance.
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FIG. 1. Dissipation, χ”, as a function of the applied mag-
netic field, H , recorded at 65 K with a microwave excitation
hac ≈ 60 mOe. The arrows indicate the step, at H = Hstep,
and the melting, at H = Hmelt. Inset : Curves of χ
” vs.
H resulting from subsequent sweeps up and down of the
magnetic field H at 65 K with hac ≈ 47mOe showing the
hysteretic behavior of the step.
FIG. 2. Series of characteristics of the dissipation χ” ver-
sus magnetic field H recorded at 65 K with various input
power. The attenuation ranges from 20 dB (hac = 95 mOe)
to 40 dB (hac = 9.5 mOe).
FIG. 3. Double logarithmic plot of the amplitude of the
input excitation, hac, versus the field at which the step in
dissipation occurs, Hstep, recorded (a) between 75 K and 50
K, and (b) between 50 K and 30 K. The arrows locate the
melting transition, whenever observed (see text). (c) Data
corresponding to T ≥ 45 K plotted on a normalized scale,
with hac and Hstep divided by their values at melting. The
dashed line corresponds to hac ∝ 1/Hstep.
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